1. Introduction {#sec1}
===============

Stereotactic body radiation therapy (SBRT) is an emerging radiotherapy technique, characterized by delivering high doses in a few fractions (typically between 1 and 5 fractions) \[[@B1]\]. Consequently, this hypofractionated radiotherapy technique results in a high biologically equivalent dose (BED) compared with conventional radiotherapy treatment. On one hand, SBRT with a BED more than 100 Gy is deemed as effective in improving local control rate for early stage lung cancer \[[@B2]\]; on the other hand, the toxicity of critical nearby normal tissue also is dose-dependent. In order to limit the risk of treatment toxicity, the volume of normal tissue receiving high doses outside the target should be minimized, which indicates that the gradient describing the dose fall-off outside the target should be sharp \[[@B3]\]. This perfect state can only be achieved when the target is absolutely motionless. Yet, such an extent is almost impossible for moving organs such as lung and liver. Judging from fluoroscopy, tumor motion will result in a certain degree of tumor volume missing and mistaken radiation delivered to normal tissues \[[@B4]\]. This phenomenon is especially obvious in lung tumors located in the lower lobe. Various methods have been developed for tumor motion management: restricting diaphragm motion with the use of abdominal compression or breath hold techniques \[[@B5], [@B6]\]; generating an internal target volume (ITV) including tumor motion trajectory at quiet respiration with the use of four-dimension computed tomograph (4D-CT) \[[@B7]\]; and delivering respiratory gated radiotherapy with the use of tracking technique \[[@B8]\].

Even if tumor motion could be well-managed using the above-mentioned methods, an underlying assumption of radiation delivery to lung tumor is that patient\'s respiratory pattern is consistent during treatment. However, intrafractional and interfractional variations of tumor position during treatment may compromise the accuracy of radiation delivery \[[@B9], [@B10]\]. Furthermore, variation of tumor volume in response to radiation treatment may impact accurate delivery. During conventional radiotherapy treatment for lung cancer, though a notable heterogeneity of tumor volume change was observed, a trend of decrease in average tumor volume was also detected after full course of treatment \[[@B9], [@B11]--[@B13]\]. Unlike conventional radiotherapy, SBRT involves high fractionated doses delivered within short time, leading to possible different patterns of variation in tumor position and volume. The aim of this study was to evaluate the interfractional variations of tumor centroid position and GTV changes over time during SBRT for primary or metastatic lung tumor.

2. Methods and Materials {#sec2}
========================

2.1. Patients Screening {#sec2.1}
-----------------------

From October 2011 to March 2014, a total of 38 patients with primary or metastatic lung tumors underwent SBRT treatment in our institution. However, 4 patients did not complete the full course. Finally, relatively integrated data were available in 34 patients. Medical records and CT images of these patients were collected and analyzed. 23 patients had peripheral tumors and 11 patients had central lung tumors. Of these patients, positron emission tomography (PET)/CT was used for lung tumor diagnosis in 7 patients and CT was used in 27 patients. Adopted radiotherapy regimens were summarized as follows: 50 Gy in 5 fractions for 16 patients; 48 Gy in 4 fractions for 10 patients; 55 Gy in 5 fractions for 3 patients; 40 Gy in 4 fractions for 3 patients; 45 Gy in 5 fractions for 1 patient; and 50 Gy in 4 fractions for 1 patient. This study was approved by the institutional review board and the patient informed consent was written by each patient or patient\'s relative before SBRT. Details of baseline characteristics of patients and tumors are showed in [Table 1](#tab1){ref-type="table"}.

2.2. Treatment Planning {#sec2.2}
-----------------------

Patients were immobilized head-first-supine without abdominal compression in an evacuated immobilization bag (Calergo). All patients were instructed to lie down in their neutral positions with arms above head. Prior to simulation, lung tumor motion amplitude was assessed on fluoroscopy. Peak-to-peak motion amplitude of lung tumor was measured based on the center of lung tumor other than the edge of tumor volume. Treatment simulation was conducted on a 16-slice CT scanner (Brilliance CT; Big Bore; Philips). Relevant parameters were as follows: 120 kV; 350 mAs; pitch: 0.938; slice thickness: 3 millimeters. Patients were instructed to breathe quietly during scanning and the free-breathing helical CT scanning was carried out ranging from the lower neck to base of lung to encompass the entire thoracic region. Each CT scanning took approximately 13 seconds. Then, acquired CT image data were imported to the Prowess Panther 5.10 treatment planning system (Siemens Medical System).

For consistent evaluation of tumor volume, only visible tumor in CT image was considered as GTV. Contours of GTV were delineated on axial images. When tumors were located at pulmonary parenchyma away from soft tissues of mediastinum or chest wall, GTV contours were drawn using lung window (window width 1000/window location −650). When lung tumor is abutted to mediastinum or chest wall, mediastinum window (window width 350/window location 40) was also employed to distinguish the border of GTV from soft tissues. PTV was generated by adding an isotropic margin of 5 mm to the GTV in both anterior-posterior (AP) direction and right-left direction and 10 mm to the GTV in superior-inferior (SI) direction. The treatment plan was designed to deliver the prescription dose to 95% of the PTV. To ensure the consistency of GTV contouring and interfractional tumor position assessment, all contours were completed by a single radiation oncologist, under supervision of two other senior radiation oncologists with lung SBRT expertise.

2.3. Verification of Set-Up {#sec2.3}
---------------------------

The time interval between simulation and the first fraction of radiotherapy ranged from 1 to 11 days with a mean of 3.6 days. All patients were treated on an integrated CT-LINIC system (CT vision, Siemens). Before each fraction of radiation delivery, a CT scan was performed for the patient. In order to reduce imaging radiation dose to the patients, these verification CT scans covered only the region from 5 cm above the superior border of tumor to 5 cm below the inferior border of tumor. The scanning time ranged from 5 to 8 seconds, which was shorter than that of the initial simulation CT scan. Then, the acquired CT scan was imported into an in-house developed image registration program. The set-up procedure was performed according to the location of lung tumors. For the part of lung tumors located near thoracic vertebra, the set-up error was calculated based on bony anatomy. For the part of lung tumors located away from thoracic vertebra, the set-up error was calculated based on soft tissue. Set-up errors were calculated in three dimensions: superior-inferior (SI), anterior-posterior (AP), and right-left (RL). If set-up error was more than 2 mm in any direction, the patient would be repositioned and given another CT scan. Not until set-up error was less than or equal to 1 mm could the radiotherapy treatment begin. The full course of radiotherapy treatment lasted from 7 to 14 days with a mean of 10 days.

2.4. Data Analysis of Interfractional Variation in Tumor Volume and Position {#sec2.4}
----------------------------------------------------------------------------

Each treatment course consisted of 4 or 5 SBRT fractions. Though a total of 20 patients underwent the fifth fraction of SBRT, the CT scans were available in only 17 cases. All patients had in-room CT scanning taken prior to each fraction of SBRT for verification. Thus, a total of 153 verification CT scans were acquired. All of them were registered with their corresponding reference CT scans. The registration procedure was manually performed on the basis of the bony reference region of interest (ROI) defined on reference CT, in which the vertebrae adjacent to tumor in the treatment planning image were used as reference. Translational shifts were performed in SI, AP, and RL directions and rotation shifts were adjusted to make sure of the best match. Then, contours of gross tumor in 4 or 5 fractions were delineated for each patient according to the method mentioned in treatment planning. In order to eliminate subjective bias, the physician was blind to the date of CT images he delineated when performing this procedure.

Using Prowess Panther 5.10 software, the *X*-lateral (RL), *Y*-lateral (SI), and *Z*-lateral (AP) directions of the center of GTVs derived from initial treatment planning and each SBRT fraction were established. Interfractional variations in GTV were obtained through comparing the center of GTV of each verification CT scan with that of the coregistered planning CT scan. Then, the 3D vector shift magnitudes were also calculated by taking the root sum squares of interfractional variations in three directions.

2.5. Statistical Analysis {#sec2.5}
-------------------------

Generalized estimating equation for repeated measures data was adopted to examining the time trend in mean GTVs and 3D vector shift during the course of SBRT. In this equation, both the size and location of tumor were set as predictive factors to explore their relationship with interfractional change of GTV. Because variables did not conform to the assumption of normality or homogeneity of variance, rank-sum test such as Kruskal-Wallis *H* test was used to compare 3D vector shift in different parts of lung and in different sizes of tumors. Comparison of the planning GTVs and GTVs obtained from the first verification CT scans adopted paired *t*-test. Spearman rank correlation was used to determine the relationship between the 3D shift vector of tumor motion and interfractional tumor centroid position. All statistical procedures were carried out in SPSS Statistic 22.0.

3. Results {#sec3}
==========

3.1. Tumor Motion Assessed on Fluoroscopy before Simulation {#sec3.1}
-----------------------------------------------------------

The overall mean ± SD of tumor motion amplitude was 9.7 ± 2.7 mm (range: 5--15 mm) in the SI direction, 3.4 ± 0.9 mm (range: 2--5 mm) in the AP direction, and 2.7 ± 0.8 mm (range: 1--4 mm) in the RL direction. When patients were stratified by tumor location, the mean ± SD of motion amplitudes is detailed in [Table 2](#tab2){ref-type="table"}.

3.2. Interfractional Variation of Tumor Centroid Position {#sec3.2}
---------------------------------------------------------

[Figure 1(a)](#fig1){ref-type="fig"} shows the mean interfractional variation of tumor centroid position over time. Separate curves for each patient are shown in Figures [1(b)](#fig1){ref-type="fig"}, [1(c)](#fig1){ref-type="fig"}, and [1(d)](#fig1){ref-type="fig"}. Although overall variations were minimal in all directions, large deviations were seen in the AP direction, with a mean ± SD of −0.7 ± 4.5 mm, as compared with 0.2 ± 3.1 mm in SI direction and 0.4 ± 2.4 mm in RL direction. Of all 153 fractions, absolute interfractional variations that were greater than 5 mm were observed in 5 fractions (3.3%) in the RL direction, 16 fractions (10.5%) in SI direction, and 36 fractions (23.5%) in the AP direction. When setting ≥7 mm as threshold, the corresponding values were 3 fractions (2.0%) in RL direction, 7 fractions (4.6%) in SI direction, and 20 fractions (13.1%) in AP direction. When setting ≥10 mm as threshold, the corresponding values were 2 fractions (1.3%) in RL direction, 0 fraction (0%) in SI direction, and 7 fractions (4.6%) in AP direction. According to a recent research performed by Zhang et al. \[[@B14]\], the one dimension asymmetric expansion for single fraction is *C* ~*i*~ = 2.33^\*^(SD), so we could deduce that the GTV-PTV margins for AP, SI, and RL directions were 10.4 mm, 7.3 mm, and 5.5 mm, respectively. The mean magnitude of interfractional variations of GTV centroid position classified by the location of tumor is summarized in [Table 3](#tab3){ref-type="table"}.

[Figure 2(a)](#fig2){ref-type="fig"} shows 3D vector shift of interfractional tumor centroid position over time. Correlation analysis showed that the mean 3D vector shift of interfractional tumor centroid position was not related to that of tumor motion (*r* = 0.292, *P* = 0.093). The overall 3D vector shift was calculated from all fractions, with a mean ± SD of 5.2 ± 3.1 mm. No trend was observed from the beginning to the end of SBRT treatment (*P* = 0.452). If the location of tumor was used as stratification factor, greater tumor motion was observed in lower lobe tumors with a mean ± SD of 6.4 ± 3.0 mm, as compared with 4.6 ± 3.1 mm (*P* = 0.001) in upper lobe tumors and 4.5 ± 1.9 mm (*P* = 0.020) in middle lobe tumors. Figures [2(b)](#fig2){ref-type="fig"}, [2(c)](#fig2){ref-type="fig"}, and [2(d)](#fig2){ref-type="fig"} show the magnitude of 3D vector shift classified by tumor location. Tumor size did not seem to impact the 3D vector shift (*P* = 0.248).

3.3. Change of GTV during SBRT Treatment {#sec3.3}
----------------------------------------

Comparison between treatment planning GTVs and GTVs contoured from the first verification CT scans did not show statistical significance (*P* = 0.569). To eliminate clinical effect on tumors caused by other treatments such as chemotherapy and biologic treatment, GTVs obtained from the first verification CT scans were used as the references to assess GTV change during SBRT. The result of generalized estimating equation for repeated measures showed that GTVs did not decrease significantly along with the elapse of time from the beginning to the end of SBRT treatment (*P* = 0.078). Lung tumors located in different lobes did not show significant difference (*P* \> 0.05), but tumors with a size ≥3 cm showed larger GTV decrease compared with those \<3 cm (*P* \< 0.001).

The percentile GTV reduction during SBRT is shown in [Figure 3](#fig3){ref-type="fig"}. Because only 17 verification CT scans were available in the fifth fraction of SBRT, the last bar only represented the percentile GTV reduction of half patients. As shown in the table, the mean of GTVs increased by approximate 5% before the second fraction of SBRT transiently. The increase of GTV was observed in 15 tumors, of which 8 tumors showed a ≥20% increase and 4 tumors showed a ≥30% increase. From then on, the decrease of GTV was consistent. Although the mean of overall percentile GTV deduction was 12.8% before the final fraction of SBRT, the mean absolute value of GTV decrease was 1.53 cm^3^ per tumor.

4. Discussion {#sec4}
=============

In this study, all patients were treated using an integrated CT-LINAC system and CT scans were performed before each SBRT fraction. We found that tumor volume did not decrease significantly during SBRT treatment (*P* = 0.078). The mean of overall percentile GTV reduction was 12.8% and the mean absolute GTV reduction was 1.53 cm^3^. A few studies reported similar results that no obvious tumor volume reduction was observed immediately after SBRT treatment \[[@B15]--[@B17]\]. Several reasons may contribute to this phenomenon: firstly, because the maximum diameter of each tumor was less than 5 cm, the absolute value of GTV was small correspondingly; secondly, tumor regression is a complex radiobiological phenomenon during fractionated radiotherapy, incorporating combined influence of cell loss, changing tumor kinetics, repair, reoxygenation, and clearance of the dead and necrotic tissue/debris; thirdly, time factor also plays an important role in GTV change during SBRT. SBRT delivers an effective radiation dose with high accuracy in a hypofractionated fashion, typically in 3 to 5 fractions within two weeks. However, significant tumor volume reduction occurred after 4 weeks of SBRT treatment \[[@B18]\]. Other studies even reveal that the tumor regression and reduction of glucose metabolism can last for 24 months \[[@B19], [@B20]\]. In addition, we found a transient increase in the mean percentile GTV reduction before the second fraction of SBRT. A possible reason is that a single high dose delivered in short time might induce reactive edema and inflammation of tumor cells, which would lead to a slight increase of tumor volume. Thus, image guidance during SBRT treatment is prerequisite and additional margin should be considered in consideration of this fact.

Though the mean 3D vector shift of interfractional tumor centroid position was not closely related to that of tumor motion, there were many other factors, such as variation of respiratory frequency and amplitude, heartbeat, complication during treatment, tumor volume change, and scanning speed of 3DCT. Tumor motion amplitude assessed with fluoroscopy just once before treatment could not predict the ever-changing situation during SBRT treatment. Our results demonstrate that large deviation of tumor centroid position was in AP direction after registration with 3D simulation CT scans, with a mean ± SD of −0.7 ± 4.5 mm, as compared with 0.2 ± 3.1 mm in SI direction and 0.4 ± 2.4 mm in RL direction. Absolute interfractional variations ≥5 mm (any direction) were observed in 48 fractions (31.4%), primarily in AP direction. In this study, the contour of GTV was based on the image series of three-dimension computed tomography (3DCT). The margin added to GTV and the contour of PTV referred to the standard of RTOG 0915: an isotropic margin of 5 mm to the GTV in both AP direction and RL direction and 10 mm to the GTV in SI direction. According to our result, it seems to be insufficient to add a margin of 5 mm in AP direction and 10 mm might be appropriate based on the formula of Zhang et al. \[[@B14]\]. Great interfractional variation of tumor motion was observed in lower lobe tumors for larger mean 3D vector shift compared with upper or middle lobe tumors. The change of frequency and magnitude of respiratory and heartbeat may contribute to interfractional variation of tumor centroid position \[[@B21]\]. In addition, because the most part of patients (85.3%) involved in this study were diagnosed as advanced stage lung tumor or metastatic lung tumor, their physiological condition was complicated and susceptible to complications. Mild pneumothorax (1 case), pleural diffusion (2 cases), and pneumonitis (4 cases) developed during SBRT treatment. In a similar study performed by M.D. Anderson Cancer Center \[[@B22]\], both the free-breathing helical CT scan and the 4DCT scan were used for SBRT treatment simulation, and daily GTV deviations relative to bony references in a total of 117 tumors were evaluated. Eventually, an almost Gaussian distribution was obtained with a mean close to zero in three directions. For the 76 cases in which a free-breathing CT scan was used as the reference, the mean (±SD) daily GTV deviation from the bone position was 0.3 ± 3.8 mm in the AP direction, 0.4 ± 4.0 mm in the SI direction, and 0.4 ± 2.6 mm in the RL direction. For all patients, a clinically remarkable trend (net change \>5 mm in any direction) in GTV centroid position was observed in 23 cases (20%). Bissonnette et al. \[[@B17]\] evaluated intrafractional and interfractional change in tumor motion amplitude over a SBRT course delivered in three fractions. Both 4DCT planning scan and free-breathing helical scan were used for simulation in 18 patients. Respiratory correlated cone beam computed tomography (rcCBCT) was performed at the beginning, midpoint, and end of each fraction of SBRT. Observed intrafraction change in tumor motion was, on average, \<1 mm and none of them was statistically different with respect to the reference rcCBCT. Interfractional changes in tumor motion were 0.4, 1.0, and 0.4 mm in the RL, SI, and AP directions compared with the motion recorded on 4DCT. Though different scanning models were adopted to perform simulation or verification, similar interfractional variation of tumor centroid position with a mean close to zero was obtained, which indicates the reliability of CT-on rail system being used for verification.

Computed tomography on-rail (CT on-rail) system has been used to guide SBRT as an in-room computed tomography method \[[@B22]\]. Compared with electronic portal imaging (EPID), it has the advantage of calibrating set-up error in three dimensions with high resolution and accuracy. Furthermore, it is consistent with the imagery method of simulation CT scanning, which makes direct comparison among GTVs achievable during treatment. However, because the scanning speed of CT on-rail system is much faster than 4DCT or cone beam computed tomography (CBCT), the tumor is in an arbitrary position when undergoing scanning. Meanwhile, 3DCT scans also took time in image acquisition for the tumor volume, so simulation and verification CT images also cover a certain degree of tumor motion information, which could cause the uncertainty in measurement of tumor centroid position. However, according to our previous study \[[@B7]\], even the 4DCT was suboptimal to determine the ITV. The combination of 4DCT and free breathing 3DCT can potentially minimize the uncertainty of tumor volume. Besides, even if just a single physician was required to perform the registration procedure and contour GTV to guarantee the consistency in evaluation, there still exist many uncertain factors, such as motion artifacts induced by fast helical CT and pneumonia developed during treatment. All these factors would affect the accuracy of GTV contour and further the evaluation of interfractional variation of tumor centroid position. Furthermore, though no significant decrease of GTV was observed during SBRT treatment, there was a trend towards decrease and further follow-up is needed to evaluate the critical time.

5. Conclusion {#sec5}
=============

Small but insignificant tumor volume regression was observed during lung SBRT. It should be not necessary to perform another field shrink during SBRT treatment as conventional radiotherapy. However, a transient increase in GTV occurred after the first fraction of SBRT and thereafter the trend of decrease was persistent, so the margin added to GTV should consider these variations. While the mean interfractional variations of tumor centroid position were minimal in three directions, variations more than 5 mm account for approximately a third of all, indicating additional margin for PTV, especially in AP direction. Ideally, individualized PTV for lung SBRT should be determined by combination of interfractional variations of tumor centroid position and tumor regression as well as daily set-up error. Regardless, the final check should be performed with image-guidance for the verification of treatment target volume to prevent target from underdosing and normal tissue from overdosing.
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![(a) shows the mean interfraction variation of tumor centroid position over time. The blue, green, and red lines represent the interfraction variation of tumor centroid position in RL, AP, and SI directions, respectively. Horizontal lines represent the mean interfraction variation of tumor centroid position. Vertical lines represent the 95% error bars. (b), (c), and (d) show interfraction variations of tumor position for each patient during treatment in *X*-lateral (right-left), *Y*-lateral (superior-inferior), and *Z*-lateral (anterior-posterior) directions. Each color represents the interfraction variation of tumor position of one patient.](BMRI2014-372738.001){#fig1}

![(a) shows the mean 3D shift of tumor centroid position over time. Horizontal lines represent the mean 3D shift of tumor centroid position. Vertical lines represent the 95% error bars. (b), (c), and (d) show the 3D vector shift vectors in upper, middle, and lower lobe tumors for each patient. Each color represents the interfractional variation of tumor position of one patient.](BMRI2014-372738.002){#fig2}

![It shows the percentage GTV reduction over time during SBRT treatment. Bars represent the percentage GTV reduction in each fraction. The reference GTV is that obtained from the first verification CT. Vertical lines represent the 95% error bars. ^\*^Because only 17 verification CT scans were available in the fifth fraction of SBRT, the fourth bar represents only half patients.](BMRI2014-372738.003){#fig3}

###### 

Baseline characteristics of patients and tumors.

  Factors                          Number of patients   Patient (%)
  -------------------------------- -------------------- -------------
  Gender                                                 
   Male                            21                   61.8
   Female                          13                   38.2
  Age (year)                                             
   \<60                            18                   52.9
   ≥60                             16                   47.1
  Lung tumor                                             
   Primary lung tumor                                   47.1
    I A                            1                    2.9
    I B                            4                    11.8
    IV                             11                   32.4
    ^\*^Recurrence of lung tumor   4                    11.8
   Metastatic lung tumor           14                   41.2
  Tumor size (cm)                                        
   \<3.0                           19                   55.9
   ≥3.0 and ≤5.0                   15                   44.1
  Primary site of tumor                                  
   Lung                            20                   58.8
   Colon                           4                    11.8
   Esophagus                       4                    11.8
   Head and neck                   3                    8.7
   Breast                          1                    2.9
   Cervix                          1                    2.9
   Thymus                          1                    2.9
  Histologic classification                              
   Squamous cell carcinoma         14                   41.2
   Adenocarcinoma                  13                   38.2
   Small cell carcinoma            1                    2.9
   Adenoid cystic carcinoma        1                    2.9
   NOS                             5                    14.7
  Type of lung tumor                                     
   Central                         11                   32.4
   Peripheral                      23                   67.6
  Location of lung tumor                                 
   Left upper lobe                 12                   35.3
   Left lower lobe                 7                    20.6
   Right upper lobe                7                    20.6
   Right middle lobe               4                    11.8
   Right lower lobe                4                    11.8
  Previous treatment                                     
   Chemotherapy                    7                    20.6
   Conventional radiotherapy       5                    14.7
   No                              22                   64.7

NOS = not otherwise specified.

^\*^Recurrence of lung tumor means that lung tumor relapses after complete surgical resection.

###### 

Magnitude (in millimeters) of tumor motion assessed on fluoroscopy.

  Location of lung tumor   SI (Mean ± SD)   AP (Mean ± SD)   RL (Mean ± SD)
  ------------------------ ---------------- ---------------- ----------------
  Upper lobe               8.4 ± 2.3        3.0 ± 0.8        2.5 ± 0.7
  Middle lobe              10.8 ± 9.6       3.6 ± 0.5        3.0 ± 0.8
  Lower lobe               11.6 ± 2.6       3.8 ± 1.2        3.0 ± 0.8
                                                             
  Total                    9.7 ± 2.7        3.4 ± 0.9        2.7 ± 0.8

SI = superior-inferior; AP = anterior-posterior; RL = right-left; SD = standard deviation.

###### 

Interfraction variation (in millimeters) of GTV centroid position classified by the location of lung tumor.

  Location      SI (Mean ± SD)   AP (Mean ± SD)   RL (Mean ± SD)
  ------------- ---------------- ---------------- ----------------
  Upper lobe    −0.29 ± 2.77     −0.50 ± 3.90     0.88 ± 2.62
  Middle lobe   −0.76 ± 2.76     1.17 ± 3.72      −0.01 ± 1.30
  Lower lobe    −1.71 ± 5.38     1.52 ± 3.49      −0.43 ± 1.93
                                                  
  Total         0.23 ± 3.13      −0.69 ± 4.47     0.36 ± 2.36

SI = superior-inferior; AP = anterior-posterior; RL = right-left; SD = standard deviation.
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